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ABSTRACT

BRIAN A. BLAZICKO. The Evaluation of Momentum Flux to Estimate Exposure
from Spray Painting Operations (Under the direction of Dr. MICHAEL R. FLYNN)

Flynn developed an exposure model for spray paint mists based on the momentum
flux ratio. The dimensionless momentum flux ratio is the momentum produced by the spray
paint gun versus the reverse flow momentum caused by a worker. The model was tested
with an anthropometric, 73 inch mechanical mannequin spraying nonvolatile oil on a flat
plate in a paint booth while using a high volume, low pressure (HVLP) spray paint gun.
Worker orientation to the freestream was also investigated. Momentum flux ratio, as a
predictor of dimensionless concentration, produced trendlines qualitatively similar in shape
and value for the HVLP and conventional spray paint guns.

Geometric similarity between this experiment and Carlton’s experiment lessened the

error that results from improper scaling and increased the ability to compare results between

the experiments.
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L. INTRODUCTION
1.1 Background

The idea that employees will be provided a work environment free from recognized
hazards is the crux of the General Duty clause of the Occupational Safety and Health Act
(OSHA) of 1970.%" Prior to the establishment of OSHA, and since then, the discipline of
industrial hygiene has sought to recognize, evaluate, and control workplace hazards. Many
of the hazardé in today’s work environments have been evaluated through air sampling,
toxicology, epidemiology, and biological markers of exposure. Guidelines of acceptable
exposure to materials are published by the American Conference of Governmental Industrial
Hygienists (ACGIH) and appear as Threshold Limit Values (TLVs) and Biological
Exposure Indices (BEIs).® Many rhethods are available to the industrial hygienist to
control workplace hazards and to protect the employee. Cpntrol methods include: (1) those
outlined in the Industrial Ventilation Manual, (2) substitution of the hazardous material if
possible, and (3) respiratory protection as a last option if other controls are not viable.®

An option for workplace health evaluation is exposure modeling, When the
determinants of exposure are recognized, a model can be developed to predict exposure as a
function of the déterminants. Models can be developed conceptually by identifying the
general relatiohship between generation and transport processes leading to the exposure
within the framework of the industrial operation.? Further refinement can occur with
dimensional analysis, which groups variables into dimensionless parameters that are fewer
in number than the original variables.” The resultant model is an “empirical-conceptual

model.”



An exposure model for conventional spray gun operations was developed by Carlton.
The model related the breathing zone concentration and overspray generation rate to the
liquid properties of the spray paint, spray paint gun nozzle pressure, freestream velocity, and
the orientation of the worker in a cross-draft wind tunnel (or Carlton number).” Field tests
of the model confirmed its ablity to predict the exposures of workers using conventional
spray paint guns.®” |

Carlton’s exposure model was applied to the DeVilbiss high volume, low pressure
(HVLP) spray painting gun operations by McKernan® and Dunn . They discovered that
the irendlines of the two spray painting systems looked similar, but occurred over different
ranges of Carlton numbers. Therefore, the motivation for this project is to understand what
factors may be causing this difference, and how the difference may be minimized.

The first factor to consider is whether McKernan and Dunn applied the laws of
similarity to scale their experiments from Carlton's experiment. One of the criteria of
similarity, specifically geometric similarity, requires all body dimensions in all three
coordinates to have the same linear-scale ratio between the model and p{ototype.(g) Also, all
angles, flow directions, orientations between the model and prototype with respect to the
surroundings must be identical.®) Carlton tested his exposure model in the Baity Building
wind tunnel using a child ménnequin. McKernan and Dunn tested the HVLP spray paint |
gun in the same wind tunnel and in the larger Rosenau Building paint booth using a
truncated, adult mannequin. For example, the ratio of mfinnequin area (height x breadth) to
the wind tunnel area was very different for McKernan and Dunn when compared to
Carlton’s work. Therefore, better comparisons can be made between experiments when

geometric similarity is maintained.



The second factor to consider is the design difference between the two spray paint
guns. An HVLP spray paint gun uses a high air-to-liquid flow ratio to atomize the paint and
operates at a maximum air cap pressure of 10 pounds per square inch gauge (psig).? A
conventional spray paint gun uses high pressure to atomize the paint and operates at a cap
pressure of 50 to 60 psig. The resultant exit velocity is sonic for the conventional spray
paint gun and subsonic for the HVLP.

Carlton’s exposure model assumed sonic conditions at the nozzle. The conventional
spray paint gun meets this criterion, but not the HVLP. The jet exit velocity is an important
criteria since Kim!” determined that the momentum from a nozzle, which is the mass
flowrate times its velocity, affects the reverse flow region downwind of the mannequin in a
freestream, and thus the concentration of contaminant in the breathing zone. Kim developed
the momentum flux ratio, which is the momentum from the spray paint gun divided by the
momentum of the reverse flow region. Based on Kim’s work, the momentum flux ratio
takes into account the different exit velocities of the spray paint guns and could be used to
predict the exposure of a worker. If the Carlton number is replaced with the momentum flux
to predict exposure, this new model assumes that the liquid properties have little influence
on contaminant transport to the breathing zone. Conversion of the data from Carlton,
McKernan, and Dunn into the momentum flux ratio gives a preliminary indication as a more
consistent predictor of exposure than the Carlton number.

1.2 Project Objectives
This project tests the hypothesis that the momentum flux ratio may predict the

‘dimensionless breathing zone concentration with one trend line for both the conventional



and HVLP spray paint guns. An anthropometric mannequin and an emphasis on geometric

similarity were used during the experimental runs in the 90° and 180° orientations.

II. THEORY DEVELOPMENT
2.1 Exposure Model Development

Carlton® developed an emperical-conceptual model to predict the breathing zone
concentration of paint mists during spray painting tasks. He introduced the following three
sequential processes common to all spraying tasks and related to exposures: (1) droplet
formation, (2) dr;)plet transfer, and (3) droplet transport/evaporation.

In a spray paint gun, the air stream discharged through the annulus surrounding the
liquid stream causes droplet formation by exerting shear forces on the liquid. The two
streams mix away from the nozzle in a process called twin-fluid atomization."? Additional
air through the two horns attached to the cap regulates the desired spray pattém. The
resulting mist can contain particles less than 50 pm in mass median diameter (MMD) that
can be easily inhaled.!" Carlton determined that nozzle pressure (py), lfquid paint
viscosity(y), and the ratio of air to liquid mass flow rates (m,/m;) are salient parameters of
droplet formation.

Droplet transfer occurs after the droplet is formed at the nozzle. The air jets of the
spray paint gun impart a momentum to the droplets. The droplets are either transferred to
the object being painted or they become the overspray observed during spray painting.
Droplets with sufficient size and momentum will impact the object; otherwise, the droplets

will follow the airstreams created by the painting operation. Carlton determined that nozzle

pressure (py) and overspray (m,) affect droplet transfer.®



Droplet transport and evaporation affects the overspray from the painting operation.
Transport may involve controlling the overspray with exhaust ventilation, which is found in
a properly designed paint booth. Evaporation of small droplets and the solvents used in the
paint may also occur. Both processes may cause exposure to the employee. The orientation
of the worker, as shown in Figure 1, may increase/decrease the worker’s exposure. Carlton
used the freestream velocity (U), worker orientation (90° or 180° to the incoming
freestream), breathing zone concentration (C), and the height (H) and breadth (B) of the
worker for his exposure model.*”

Using dimensional analysis, Carlton developed the following model to relate

exposure and the operation of a conventional spray gun:

CHUD _ ¢ [&,Pﬁ,orientation} (1)
m U

When the dimensionless concentration, CHUD/m,, is plo&ed as a function of the Carlton
number, p,H/ U, the dimensionless concentration varied as a complex function of the
dimensionless liquid properties in both the 90° or 180° worker orientation to the freestream.
2.2 Expogure Modeling with Momentum Flux

Air exiting the conventional and HVLP spray paint guns with sonic and subsonic
exiting velocities, respectively, impart momentuin to the freestream vélocity field. Liquid
droplets formed from atomization have insignificant momentum as compared to the air;
thus, subsequent discussion of momentum refers only to the air momentum. The Imomentum

imparted from the spray paint gun is referred to as Fj,.
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Reverse flow occurs downstream from a worker as the freestream looses its kinetic
energy to the frictional forces of the immediate boundary layer of the worker. The reverse
flow is related to the expdsure of a worker."? The momentum of the reverse flow caused by
the worker is referred to as Fp,.

Kim? determined that the ratio of the momentum flux of a nozzle to the reverse
flow momentum is related to the exposure of the worker. Incorporating this knowledge into

equation (1), the following relationship is developed:

m

CHUD F o

= ® |- | orientatim|. (2)
. F
The breathing zone concentration is now a function of the momentum flux ratio.

The momentum flux ratio can be written as:

FS pnA“n\/n2 + (pn B pa)An

o 0. HDU? ®)

where p is the density of the gas at the nozzle exit (n) or ambient (a), Anis the nozzle area of
the cap and horn, V, is the air exit velocity at the nozzle, p is the pressure at the nozzle exit
or ambient, H is the worker height, D is the worker diameter (breadth), and U is the velocity
of the freestream. The numerator in Equation (3) is the momentum flux from the spray paint
gun and pa..HDUzlis the momentum flow through the projected area of the worker. The term
(Pn — pa)Aq adjusts for pressure difference between the cap and ambient air the conventional

spray paint gun. This term is negligible for subsonic flows.



The Fy/F, ratio is an index that can inform the researcher whether the gun
momentum or the vortex shedding effect dominates the flow regime around the spray
painter. By understanding which momentum flux dominates during a painting process, an

exposure prediction can be made.

1. METHODOLOGY
3.1 Experiment Set-up

This project followed the objectives of Section 1.2 so that data obtained in this
experiment could be compared to data obtained by Carlton. The ratio of the adult
mannequin’s 14 inch chest diameter to the child mannequin’s 8 inch chest diameter (used in
Carlton’s experiments) is 1.75. Therefore, the new plate used in this project is 42 inches
wide and 63 inches in height. Carlton used a plate 24 inches by 36 inches. The adult
mannequin is 73 inches in height and the child mannequin is 41 inches in height.

The adult mannequin wés positioned in the Rosenau Building paint booth in the 90°
and 180° orientations with the DeVilbiss HVLP spray paint gun in the mannequin’ right
hand. The spray gun cap was positioned 8 inches from the target and 51 inches off the floor.
The sampling cassette was located at approximately 25 inches from the target. In the 180°
orientation, the mannequin was centered in the paint booth with its right arm positioned
nearly mid-way on the target causing the target to be‘ positioned slightly to the right if one
were looking into the tunnel of the booth (see Figure A. 10, Appendix A). In the 90°
orientation, the mannequin remained the same distance from the paint booth’s filter banks
and the target, and the right hand was upstream of the paint booth. The target was 19 inches
from the right wall if one were looking into the tunnel of the booth (see Figure A.9,

Appendix A).



‘The paint booth is 75 inches wide, 87 inches high, and 164 inches deep as measured
ﬁom the flange side of the booth entrance. The paint booth is located in the machine shop in
the basement of Rosenau Building which contains many machining tools and cabinets that |
can disrupt the flow of air to the entrance to the booth (see Figure A.9, Appendix A). One
side of the paint booth has a flange attached to the entrance to enhance a uniform velocity
profile and reduce entrance effects. The flowrate is adjusted by varying the distance
between the fan and the motor (see Appendix A.4). The velocity profile was measured by a
calibrated Alnor thermal anemometer (see Appendix A.2) using either a 12 or 16 point grid
across the face of the paint booth (see Appendix A.4).

A Speedaire 5 horsepower air compressor mounted on a large air reservoir tank
provided the requirements of the HVLP spray painting system as shown in Figure 2. The
compressor delivered a constant 90 psig to the DeVilbiss galvanized spray pot. The first
regulator én the spray pot bled air into the pot to pressure feed the liquid to the spray paint
gun and was maintained at 10 psig during experiment runs. The second regulator controlled
the pressure of the air to the spray paint gun and is referred to as the gun gauge pressure.
The DeVilbiss MSV-533-4-FF HVLP spray paint gun was used throughout this project. It
has a 33A air cap designed to operate at 10 psig at the cap when the gun inlet pressure is 50
psig. The HVLP spray paint gun has an air adjustment knob to regulate the mass of air
through the nozzles and to select the desired fan pattern for paint application. A second
knob controls the mass flow of the liquid paint. Calibration of the HVLP can be found in
Appendix A.3. To be consistent with the work of prior researchers, the HVLP spray paint

gun control knobs were both set to two turns from closed. Inland Vacuum Industries 99
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liquid ring pump seal fluid was used in lieu of actual paint because it has a low vapor
pressure of less than 0.001 Torr (0.0000013 atm) at 25° C and no volatile components.
3.2 Measurement of Overspray and Transfer Efficiency

The overspray (m,) and transfer efficiency was obtained in two steps. The bucket of
oil that was placed into the DeVilbiss spray pot was weighed on a Mettler PM-34K Delta
Range balance (accuracy + 0.1 g) before and after each run to measure the mass of liquid
sprayed. This mass was divided by the run time to obtain the liquid flow rate. A plastic
gutter under the target collected all the oil that impacted its surface and a squeegee wiped
the rest into the gutter. The gutter was weighted before and after each run and this weight
was also divided by the run time to obtain the oil transfered rate. The overspray generation
rate (m,) is the difference between the liquid sprayed rate and the oil transferred rate. The
transfer efficiency is the ratio of the oil transferred rate to the liquid sprayed rate. Data for
the runs are in Appendix A.

3.3 Determination of Breathing Zone Concentratiqn

NIOSH method 0500 for Total Particulates Not Otherwise Regulated !* and ASTM
Designation PS42-97 ¥ were used to complete air sampling and analysis of all breathing
zone concentrations (C). A 37 mm polyvinyl chloride filter with a 5 um pore size was used
to collect oil overspray in the breathing zone. The number of blanks used either met or
exceeded the NIOSH recommendation. SKC Universal Flow Sampling Pumps, Model 224-
PCXR8, were pre and post flowrate calibrated by a Buck Calibration Unit Model M5 at a
sampling rate of nearly 2 liters per minute. At least S pre and post calibration measurements

were recorded and an average of the measurements was used.
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The PVC cassettes were desiccated for several hours and equilibrated to room
conditions prior to weighing on the Mettler-Toledo MTS5 balance (accuracy + 0.001 mg).
After sampling, the cassettes were desiccated again prior to weighing and equilibrated to
room conditions. Electrostatic charge potential on the filters was neutralized by resting the
filter and tweezers on an alpha emitting neutralizer. The duration of spraying lasted long
enough to capture between 0.1 to 2.0 mg; for the 180 orientation spraying lasted 30 minutes
and for the 90 orientation spraying lasted from 10 to 30 minutes.

PVC filters and support discs were placed in modified 37 mm cassettes which have
inlets the same size as the IOM iniet. The larger inlet allows for more representative
exposure results. Also, IOM type inlets were used by prior researchers and should be used
to allow for comparison of results between researchers. The modified PVC cassettes do not
account for the loss of material that is deposited on the walls of the cassette and may be a
source of error. The modified cassettes were attached to a collar hanger so they were
centered directly below the mannequin’s chin and in its breathing zone.

3.4 Experiment Design

A reliable calibration curve for the velocity through the Rosenau Building paint
booth can not be developed because the fan speed is adjusted with a large screw that does
not lend itself to ﬂneftuning and reproducible data (see Appendix A.4). Since all the
experimental runs took place in the Rosenau Building paint booth, one flowrate setting was
targeted to help achieve various x-values to plot on the dimensionless momentum flux axis.
At least 5 or more dimensionless momentum fluxes were achieved in the 90° and 180°
orientations so comparisons can be made with the results 6f other researchers. Low

momentum flux ratios were purposely avoided because there was large variability
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experienced by prior researchers in those regions. Approximately 3 to 4 replicates per

dimensionless momentum flux were completed.

IV. RESULTS
4.1 Experimental Data

The dependence relationship of the concentration group CHUD/m, on the
momentum flux ratio, Fg/Fp, for the two worker orientations to the free stream is shown in
Figure 3. Each error bar represents the 95% confidence interval representing approximately
two standard deviations from the mean value. The error bar was calculated with t-tables due
to the low number of replicates.*” For the 180° orientation trendline, variability of the
concentration group increaseci with increasing momentum flux ratio; for the 90° orientation,
the greafest variability is qbserved at a low momentum flux ratio:

Regression analysis on Excel® yielded the equations below for the curves shown in
Figure 3:

90° spray painter orientation to the free stream (R? = 0.991): )

CHUD = 0.0005 (Fg/Fn) " (4)
Mo

180° spray painter orientation to the free stream (R? = 0.8426):

CHUD = 0.000006 ( Fy/Fp)? - 0.0002 ( FyFyy ) +0.0052 )
m, .
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. 4.2 Increasing Trend of the Dimensionless Concentration Group

There is a notable increase in the concentration group value as momentum flux
increased in value for the 180° worker orientation. At momentum flux values of
approximately 50 or greater, the variability of the concentration group increased with
increasing momentum ﬂﬁx. The lower half of the 95% confidence interval for the
concentration group with the corresponding highest momentum flux value could not be
supported on the logarithmic scale, and is represented by an arrow. During the preparation
of individual experimental runs, the walls adjacent to the target became saturated with oil at
momentum flux ratios of 50 or greater. So much oil collected on the walls that it drained to
the floor causing pools to form.

For the 90° trendline, the lower haif of the 95% confidence interval for the
concentration group with the corresponding lowest momentum flux value could not be |
supported on the logarithmic scale, and is represented by an arrow.

4.3 Comparison of Experimental Data to Carlton’s Converted Data

Carlton’s data for the dimensionless group, p.H/uU, was converted into appropriate
momentum flux ratios. An example of the conversion process is in Appendix B. Carlton’s
values for the concentration group CHUD/m, were unchanged. Figure 4 contains the
trendlines for both Carlton’s and this project’s experimental values with one standard
deviation error bars.

For the 180° worker orientation, the trendlines seem to follow the.same pattern.
Concentration group values from this pfoject were consistently lower than Carlton’s values
by a factor of 2, when the momentum flux values are similar.

For the 90° worker orientation, the trendlines also follow the same pattern. This
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factor between 2 to 4.
4.4 Scaling Effects

This project used a 6 foot, 1 inch mannequin in all of the experiments. Prior HVLP
studies by McKernan® and Dunn®” were all accomplished by the same adult mannequin cut
off at the thighs. The reduced mannequin was able to fit in the wind tunnel; but it was never
returned to its original size for experiments in the paint booth. The failure to obtain
geometric similarity was thought to be a critical factor for poor correlation to Carlton’s
results. The length dimensions of the experiment set-up used in this project and those used
in Carlton’s work are presented in Table 1. As mentioned, a scaling ratio of 1.75 was
employed. Note that the ratio between the mannequin arm lengths is 5.67 while other ratios

are between 1 to 1.75.

Table 1. Approximate Experimental Dimensions®

Conventional (1/4 J) HVLP

project’s concentration group values were consistently lower than Carlton’s values by a
|
|

Dimension ' (Inches) (Inches)
Mannequin Height (H) 41 73
Ménqequin Breadth (D) 8 14
Wind Tunnel or Paint Booth Width (Wt) 60 75
Wind Tunnel or Paint Booth Height (Ht) 60 _ 87
‘ Spray Paint Plate Width (Wp) 24 42
Spray Paint Plate ﬁeight (Hp) 36 | 63
Length of Mannequin Arm 3 17
i Distance from nozzle to plate 8 8
17



V. DISCUSSION
S.1 Experimental Data

- Trends in the HVLP data indicate that the operating curves will follow those for the
conventional gun, but will be lower by a factor between 2 to 4. If more HVLP data is
collected over a greater range of momentum flux ratios, the HVLP data is expected to follow
the conventional gun trendlines.

5.2 Increasing Trend of the Dimensionless Concentration Group
Variability of the dimensionless concentration group increased with increasing

momentum flux ratio of the 180° trendline of Figure 4. To achieve a relatively high
momentum flux ratio, a high operating cap and horn pressure combined with a low average
freestream velocity were needed. It is important to note that as cap and horn pressures
increase, the volumetric air flowrate increases (see Figure A.5), and the mass flowrate and
the momentum of air increase. It is possible that the increase in variability was caused by
the air rebounding off the flat spray piece and interfering with the oil droplets intending to
impact the target. This could have increased the concentration’of oil droplets in the air.
Another possible cause of increased variability is the fact that the paint booth opening is
smaller in this experiment than the wind tunnel opening used in Carlton’s experiment. The
scale ratio between the mannequins is 1.75 while the scale ratio is 1.25 between the booth
and wind tunnel. Therefore, the objects in the paint booth block a greater area of the booth
entrance. This means there is a smaller area for the overspray to exit through, and may have
caused oil droplets to impact onto the walls. At high moméx_xtum flux operating conditions, a

low freestream velocity (U) of 45 fpm was used. At this condition, a thick mist of oil was
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observed in the paint booth, transfer efficiency was lowest, and measured breathing zone
concentration tended to be higher.

At low freestream velocities, little momentum is imparted to the overspray to
influence its movement through the paint booth. Properly designed paint booths usually
have an average freestream velocity of 100 fpm. The observance of the thick overspray
emphasizes the importance of proper ventilation control to reduce exposure.

5.3 Comparison of Experimental Data to Carlton’s Converted Data

The use of the dimensionless momentum flux as the predictor of dimensionless
concentration seems to apply to both the HVLP and the conventional spray paint guns. The
curves generated in Figure 4 are similar to one another. The curves are not expected to
overlap one another because geometric similarity between the projects has not been
achieved.

Although all of the dimensions listed in Table 1 should have the sarﬁe ratio to one
another, physical limitations and cost prevented proper sizing between this project and
Carlton’s project. Momentum flux ratio seems to be the general factor between the two
spray paint gun operations to predict similar trends of breathing zone concentration even
though geometric similarity has improved since the studies by McKernan®® and Dunn®”..

5.4 Scaling Effects

A statistical test performed by Dunn indicated that there is no bias in experiments
that are conducted in the paint booth versus those completed in the wind tunnel. However,
using consistent scaling proportions, i.e., anthropometric mannequin versus a half

mannequin, would result in a better comparison between the experiments.
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The blockage ratio, or the ratio of an object’s area compared to the face area of the
wind tunnel or paint booth, should be similar in both experiments. Carlton’s experirﬁents in
the wind tunnel had a smaller blockage ratio for both the child mahnequin (.09) and the flat
spray piece (.24) when compared to the blockage ratios of this expgriment for the adult |
mannequin (.16) and spray piece (.4) in the 180° orientation. The increased concentration at
higher momentum flux ratios may be caused by the higher blockage ratio. A greater
blockage ratio means a lesser freestream area for the overspray to exit through. The
overspray may build up and potentially form concentration gradients that could cause
variability in the breathing zone samples. The oil mist was visually very dense and
indicated a potentially high.exposure was occurring.

Subtle differences exist between the mannequins and their use in this project and
Carlton’s project. Differences between the mannequins include the location of the spray
paint gun and the breathing zone sample points. The child mannequin had a jet spray exiﬁng
from its stomach and a breathing zone sample cassette attached to its mouth. In contrast to
the child mannequin, the adult mannequin held the HVLP spray paint gun in its right hand,
which is naturally off-center to the right in the way a human would hold it. Breathing zone
samples were attached to a collar hanger which hung flat against the mannequin’s chest, in
the same manner industrial hygiene samples are taken on humans.

The geometric dimensions that are the most influential or dominant between this
experiment and Carlton’s work would have to be determ@ned empirically. Even though
there is a great difference between the mannequin arm lengths, this dimension may not

impact the experiments. A painstaking method of varying one dimension as all the others
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are held constant, may shed light on which dimensions influence greatly on geometric

similarity.

V1. CONCLUSIONS AND RECOMMENDATIONS

The use of the momentum flux ratio as a predictor of dimensionless concentration
produced trendlines that were qualitatively similar in shape and value for both the
conventional and HVLP spray paint guns. The exit velocities of the two guns influence the
trendlines of Figure 4 and are the important determinants in the momentum flux ratio.
Momentum flux incorporates the difference in sonic and subsonic jet exit velocities of the
air that is pushed through conventional and HVLP spray paint guns, respectively. Therefore,
at this point in the development of modeling the exposure from spray paint gun operations,
momentum flux ratio is currently the best dimensionless quantity to employ.

This conclusion infers that the liquid properties of the paint are n‘ot as importarﬁt to
the exposure model as the air transporting the liquid. Transfer efficiencies are indirectly
included in the exposure model as overspray (m,), and is the only measured variable in the
model related to the liquid besides the breathing zone concentration (C).

Geometric similarity added to the success of this project. As the geometric similarity |
increases between experiments, dissimilarity has less of an effect on the experiment, and one
can make better conclusions and inferences on experimental results.

A limited number of momentum flux ratios in the 180° and 90° orientation were
investigated in this project. More data should be taken with the HVLP to expand the

knowledge of the predictive nature of momentum flux on the dimensionless concentration.
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APPENDIX A: Rosenau Building Paint Booth Experim.ental Methods and Data
A.1. Calibration of Calibration Wind Tunnel with a Sharp-Edged Orifice

A calibration wind tunnel was constructed as specified by the ACGIH Industrial
Ventilation Manual and is illustrated in Figure A.1. "® A bell shaped entry of 2.54 ft*
provided unifdrm streamlines of entering air. The calibration wind tunnel consisted of (1) a
test section where instruments are inserted for calibration, (2) a 3.5 inch diameter sharp-
edged orifice attached to a manometer to measure pressure drop, (3) a pitot tube attached to
a manometer to measure velocity pressure drops, (4) a damper to regulate airflow, (5) and a
fan to pull air through the wind tunnel. The orifice meter was calibrated by pitot tube
traverses across the 4 inch duct as specified by the ACGIH Industrial Ventilation Manual,
19 Figure A.2 is the plot of the calibration of the wind tunnel as a function of the square

root of orifice pressure drop. The relationship yielded from the plot is:

Q = 294.62Vh + 6.19, R = 0.9994 (A1)
where |

Q = Air flow through the orifice meter in cfm

h = Pressure drop measured across the orifice meter in inches of water
Data used to develop the plot is in Table A.1 along with equipment specifications used with
ghe calibration wind tunnel.
A.2. Calibration of Thermal Anemometer

An Alnor Compuflow® model 8565 thermal anemometer was calibrated in the
calibration wind' tunnel. The thermal anemometer was inserted into the test section and the .
damper was adjusted to vary the pressure drop across the calibrated orifice and velocities in

the test section. Nine velocities that spanned the expected working range of the thermal
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anemometer were used for calibration. Figure A.3 is the plot of the thermal anemometer

calibration. The calibration relationship yielded from the plot is:

u' = 1.0367u + 34675, R = 09997 | (A2)
where

u = “true” velocity in the calibration wind tunnel in fpm

u' = velocity measured by the Alnor thermal anemometer in fpm

The calibration equation is properly used when the Alnor thermal anemometer measurement
is converted to a “true” velocity. In terms of the calibration equation, the thermal
anemometer measures u' that must be converted to u. Data used to develop the calibration
plot is in Table A.2.

The thermal anemometer uses the principle that the amount of heat removed by an
air stream passing a heated object is related to the velocity of the air stream. Also, since the
“heat transfer to the air is a function of the number of molecules of air moving by a fixed
moniforing point, the thermal anemometer sensing element can be calibrated as a mass flow
meter.!?
A.3. Calibration of the DeVilbiss HVLP Paint Spray Gun

The DeVilbiss HVLP paint spray gun uses compressed air to push paint to the
surface of the object to be painted. The air enters the spray gun from a hose connected to a
compressor. As the air enters the gun, it passes over trigger and paint flow adjustments, and
finally enters the nozzle section of the spray gun. At the cap of the nozzle, the air exits out

the annulus surrounding the liquid nozzle and through two smaller ports. Air also exits

through two ports located on both horns of the nozzle.
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Pressure exerted by the compressed air on the horns and cap varied according to the
pressure regulated to the spray gun. Pressure is controlled by a gauge located on the
pressurized spray pot and is rgferred to as the gun gauge pressure. A specially fitted spray
nozzle with a stem on the cap and horn wés installed to determine the cap and horn
pressures. When the Ashcroft pressure gauge was installed on either cap or horn stem, the
other stem was capped. The spray gun air adjustment knob was opened to two turns from
closed as recommended by Gatano and McKeran and the paint flow adjustment knob setting
did not effect the pressure in the horn or cap."? Gun gauge pressure was taken when the
trigger was depressed since pressure decreased in the compressor hose during operation.
Table A.3 contains the gun gauge and its associated horn and cap pressures.

Heavy gauge plastic tubing was connected between the nozzle of the DeVilbiss
HVLP spray gun and a spirometer to calibrate the HVLP. The average. of four repetitions at
same gun gauge pressure was completeci. Figure A.4 is the volumetric air flowrate
calibration of the HVLP based on gun gauge pressure. The relationship yielded from the

plot is:

Q = 0.2439P + 2.3408, R? = 0.9985 (A3)

‘where

Q = Volumetric flowrate in cfm

P = gun gauge pressure in psig
Figure A.5 is the volumetric air flowrate calibration of the HVLP based on total cap and
horn pressure. The relationship yielded from the plot is:

Q = 4.6651p*%% R? = 0.9991 (A4)

where
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Volumetric flowrate in cfm

Q
P

Total cap and horn pressure in psig
Figure A.6 shows how the DéVilbiss HVLP total cap and horn pressure varies with gun

gauge pressure. The relationship yielded from the plot is:

Peapandhom = 0.018Pg,, % R? = 0.9987 (A5)
where

Peapandhom = Total cap and horn pressure in psig

Pgun = Gun gauge pressure in psig
Figure A.7 shows how the DeVilbiss HVLP cap pressure varies with gun gauge pressure.

The relationship yielded from the plot is:

Peyp = 0.1736Pgu, - 1.9006, R? = 0.9961 (A6)
where

P, = Cap pressure in psig

Paun = Gun gauge pressure in psig

16657 with an R* =

A power function relationship for Figure A.7 yielded Pcap = 0.0104Pgy,
0.9953. Equation (A6) has a slightly higher R2 value, and visually, a line fits the data better
than the power function. Figure A.8 shows how the DeVilbiss HVLP horn pressure varies

with gun gauge pressure. The relationship yielded from the plot is:

\

Phorn = 0.0076Pgu, %> R? = 0.9993 (A7)

where

Phom = Horn préssure in psig




Pgun = Gun gauge pressure in psig
Table A.4 contains the data used to plot Figures A.4 through A.8. Equations A3 through A7
were used for subsequent calculations. Note that the mass of air from the HVLP spray paint
gun can be calculated by using the known density of the air at the room temperature.

A4 Calibratiﬁn of Rosenau B;lilding Paint Booth

The Rosenau Building paint booth, located in the bésement, was used to test the
conditions of this project. Two wooden sheets were installed to create one wall of the paint
booth. A flexible sheet of metal was attached to the wooden wall to create a curved surface
reducing end effects. The paint booth ceiling was made from Plexiglas drop panels that did
not extend the entire lengt'h of the paint booth. The fan motor operated at one speed and is
connected to the fan by a belt and a centrifugal pulley. "Adjusting the motor distance from
the fan controlled the air flowrate in the paint booth. Adjusting the motor height to obtain a
desired flowrate was difficult at best. Due to the odd entrance to the paint booth and other
obstructions in the workshop where air was drawn from, constant turbulence was observed
along the wooden board wall. Figure A.9 and A.10 illustrate the room obstacles and
overhead view éf the paint booth with the mannequin orientated in the 90-degree and 180-
degree positions, respectively.

Velocity profiles of the 87 inch high, 75 inch wide, and 164 inch deep paint booth
were completed using the preexisting, drilled holes in the wooden board made by prior
researchers. Only 8 measures with the thermal anemometer were possible from this position
outside the paint booth. The remaining 8 measures were made by supporting the thermal
anemometer wand on a stand and hanging the meter from the ceiling supports. The meter

was behind and away from the wand. The 16 velocity measurements were averaged to
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determine the average flowrate of the paint booth. Since this process normally took 4 hours
to accomplish, later velocity measurements were taken from only outside the drilled holes in
the wooden board to reduce measurement time. This change yielded only 12 measurements
and forced using an estimate for the 4 unmeasured velocity points. The thermal anemometer
was acclimated for 5 minutes after being mo‘ved to a new point. The velocity was observed
for 10 minutes before the mode of the point was recorded. The range of the velocity
variance was recorded but is not reported. All velocity measurements reported have been
corrected by the calibration equation for the thermal anemometer. Table A.S contains

various velocity profiles of the paint booth.

A.5 Determination of Air Velocity Exiting a Nozzle (Compressible Flow)

To determine the fluid velocity exiting the spray paint gun nozzle, a converging
nozzle is used to model this condition as illustrated in Figure A.10. The converging nozzle
is capable of sonic flow and the throat is choked. A choked throat operates at maximum
mass flow when the velocity of the fluid equals the speed of sound of the fluid in the orifice.

This occurs at a Mach number of 1 by the relationship:
Ma = V (AB)
a .

where Ma is the Mach number, V is the velocity of the fluid, and a is the speed of sound of
the fluid. At sonic conditions in the throat, or in the orifice opening, additional mass flow
occurs only when the opening is increased; constriction of the opening lessens the mass
flow. By limiting the energy equation to isentropic, adiabatic flow, the characteristics of the
converging, choked nozzle conditign can be described in a reasonable manner. These

assumptions have shown to closely approximate the actual operation of nozzles.®




Referring to Figure A.10, the HVLP spray paint gun uses a reservoir of compressed
gas so that the reservoir pressure is equal to the stagnation pressure. Stagnation pressure is
the pressure the flow would achieve if brought isentropically to rest. The HVLP pressure
reservoir is reduced to lower operating pressures by a baffle in the spray paint gun. Flow is
induced by decreasing the backp:ressure, Ps, to a pressure below p,. A moderate drop in py
causes the throat pressure to remain higher than the critical pressure, p’, which is the critical
pressure of a sonic throat. The flow in the nozzle is subsonic throughout, and the jet exit
velocity pressure, pe, equals p,. The velocity is predicted by subsonic isentropic theory.®
For this paper, the HVLP cap and horn pressure is used to predict the average exit velocity.

The con\;entional sbray paint gun also has a large reservoir of compressed gas at the
stagnation pressure. However, the conventional spray paint gun does not have a baffle in the
gun to reduce the system pressure like the HVLP. Thus the conventional spray paint gun
operates with a much higher stagnation pressure (p,) than the HVLP. The large difference
between stagnation pressure and backpressure causes the pressure in the throat to reduce to
p’, but not as low as py, since the orifice is choked. Therefore, the throat becomes sonic (Ma
= 1) with p. =p . The exit jet expands supersonically so that the jet pressure can be reduced

from p” to py. The velocity is predicted by supersonic isentropic theory.®) Cap pressure

measured on the % J nozzle is used to predict the exit velocity.
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Table A.2: Calibration of Thermal Anemometer with a Calibration Wind Tunnel

Orifice Pressure Square Rt |Vol Air Vel in Cal [Thermo

Drop (inches water) |Orifice Pr [Fiow CFM|Tunn FPM|Ane FPM
5.35 231 . 6951 273.7 285.0
4.55 213 632.8 249.1 264.0
3.50 1.87| : 5571 219.3 230.0
2.85 1.69 501.5 197.4 209.0
2.10 1.45 431.2 169.8 179.0
1.10 1.05 304.8 120.0 130.0
0.60 0.77 236.0 92.9 99.0
0.30 0.55 170.7 67.2 73.0
0.10 0.32 103.6 40.8 45.0
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Table A.3: Measure of Cap and Hom Pressure of the HVLP Spray Gun

The HVLP air knob was opened two turns from its closed position. Leaving the liquid contol knob
closed or open did not affect pressure measurements. When the HVLP trigger was depressed, the gu
guage pressure was adjusted to preselected settings. Unfortunately, cap pressure was measured whil
the hom tap was closed and horn pressure was measured when the cap tap was closed.

30 Jul 97, 1300 hrs, Baity Bay

Gun Guage Pressure JCap Horn Total Cap
(trigger depressed) |Pressure |[Pressure jand Horn
(psig) (psig) (psig) (psig)
16 1.00 0.75 1.75
27 2.75 1.75 4.50
38 4.50 3.00 7.50
46 6.00 4.25 10.25
53 7.50 5.50 13.00
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APPENDIX B. Sample Calculations

The data for the calculations presented here are found in Tables A.6, A.7, and
A.8. Refer to run number 1, 28 Feb 1998. Carlton’s data was converted in a similar

manner to momentum flux ratio..

B.1 Oil Spray Rate

m - mass container(before) - mass container (after)
L=

sampling time

_ (4091-958.9)g

= 104.4 g/min
30 min g/

B.2 Qil Transfer Rate

_ mass trough (before) - mass trough (after)

transferred

sampling time

_(3414.7-706.7) g
30 min

=90.3 g/min

B.3 Overspray Rate

mo = ml - mtransfcrred

= (104.4 - 90.3) g/min = 14.1 g/min




B.4. Dimensionless Concentration, CHUD/m,

Obtain freestream velocity (U) from Table A.5.

CHUD _(2.128 mg/m3)(6.1:7_ﬁ) (69.4 ft/min) (1.178) (1g) (Im?)
m, (14.1g/min) (35.3145 ft*) (1000 mg)

]

=0.00213

B.5 Momentum Flux, F,/F,, (HVLP spray gun)
Fg = PnAnVa® = maVy
m, = p.Q = (0.075 Ibm/ft*) (9.12 ft*/min) = 0.684 lbm/min

F, = 25069 (From Table A.6)

Fm = p.HDU?

(0.075 lbm/f3) (6.17 ft) (1.17 ft) (69.4 ft/min)’

2608

Fy/Fr =9.61
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Table A.9 Momentum Flux Ratio

180 degree Uf H D
Date Run # Freestrea |[Gun Gage]Man Heig |Man Diam]Fg Fm Fg/Fm
fpm psig ft ft

10-Jan-98 1 447 27 6.17 1.17 25069 1082 23.17
10-Jan-98 2 447 38 6.17 1.17 41441 1082 38.31
10-Jan-98 3 447 53 6.17 1.17 64477 1082 59.60
10-Jan-98 4 447 46 6.17 1.17 53646 1082 49.59
10-Jan-98 5 447 27 6.17 1.17 25069 1082 23.17
10-Jan-98 6 447 38 6.17 1.17 41441 1082 38.31
10-Jan-98 7 447 46 6.17 1.17 53646 1082 49.59
11-Jan-98 9 447 27 6.17 1.17 25069 1082 23.17
11-Jan-98 10 447 53 6.17 1.17 64477 1082 59.60
11-Jan-98 11 447 38 6.17 1.17 41441 1082 38.31
11-Jan-98 12 447 46 6.17 1.17 53646 1082 49,59
11-Jan-98 14 447 46 6.17 1.17 53646 1082 49.59
11-Jan-98 15] 447 38 6.17 1.17 41441 1082 38.31
11-Jan-98 16 447 27 6.17 1.17 25069 1082 23.17
28-Feb-98 1 69.4 27 6.17 1.17 25069 2608 9.61
28-Feb-98 2 69.4 32 6.17 1.17 32442 2608 12.44
28-Feb-98 3 69.4 37 6.17 1.17 39931 2608 15.31
28-Feb-98 4 69.4 42 6.17 1.17 47517 2608 18.22
28-Feb-98 5 69.4 47 6.17 1.17 55185 2608 21.16
28-Feb-98 6 69.4 27 6.17 1.17 25069 2608 9.61
28-Feb-98 7 69.4 32 6.17 1.17 32442 2608 12.44
28-Feb-98 8 69.4 37 6.17 1.17 39931 2608 15.31
28-Feb-98 9 69.4 42 6.17 1.17 47517 2608 18.22
28-Feb-98 10 69.4 47 6.17 1.17 55185 2608 21.16

1-Mar-98 11 69.4 27 6.17 1.17 25069 2608 9.61

1-Mar-98 12 69.4 32 6.17 1.17 32442 2608 12.44

1-Mar-98 13 69.4 37 6.17 1.17 39931 2608 15.31

1-Mar-98 14 69.4 42 6.17 1.17 47517 2608 18.22

1-Mar-98 15 69.4 47 6.17 1.17 55185 2608 21.16
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Table A.9 Momentum Flux Ratio (pg2)

180 degree uf H D
Date Run # Freestrea |Gun Gage|Man Heig [Man Diam|Fg Fm Fg/Fm
fpm psig ft ft

12-Mar-98 1 69.4 27 6.17 1.17 25069 2608 9.61
12-Mar-98 2 69.4 32 6.17 1.17 32442 2608 12.44
12-Mar-98 3 69.4 37 6.17 1.17 39931 2608 15.31
12-Mar-98 4 69.4 42 6.17 1.17 47517 2608 18.22
12-Mar-98 5 69.4 47 6.17 1.17 55185 2608 21.16

90 degree
13-Mar-98 1 80.4 27 6.17 1.17 25069 3500 7.16
13-Mar-98 2 80.4 32 6.17 1.17 32442 3500 9.27
13-Mar-98 4 80.4 42 6.17 1.17 47517 3500 13.58
14-Mar-98 6 80.4 27 6.17 1.17 25069 3500 7.16
14-Mar-98 7 80.4 32 6.17 1.17 32442 3500 9.27
14-Mar-98 8 80.4 37 6.17 1.17 39931 3500 11.41
14-Mar-98 9 80.4 42 6.17 1.17 47517 3500 13.58
15-Mar-98 1 80.4 47 6.17 1.17 55185 3500 15.77
15-Mar-98 2 80.4 27 6.17 1.17 25069 3500 7.16
15-Mar-98 4 -80.4 37 6.17 1.17 39931 3500 11.41
15-Mar-98 5 80.4 42 6.17 1.17 47517 3500 13.58
15-Mar-98 6 80.4 47 6.17 1.17 55185 3500 15.77
15-Mar-98 7 80.4 37 6.17 1.17 39931 3500 11.41
15-Mar-98 8 80.4 42 6.17 1.17 47517 3500 13.58
15-Mar-98 9 80.4 47 6.17 1.17 55185 3500 15.77
17-Mar-98 1 80.4 32 6.17 1.17 32442 3500 9.27
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Figﬁre A.12.: Mannequin at 90 Degree Orientation to the Freestream




Figure A.13.: Mannequin at 180 Degree Orientation to the Freestream




